The effects of Fe resupply to Fe-deficient plants have been investigated in hydroponically-grown sugar beet. In the short-term (24 h) after Fe resupply, major changes were observed, although de novo chlorophyll (Chl) synthesis had not begun yet. Approximately 50% of the zeaxanthin was converted into violaxanthin, whereas the actual Photosystem II (PS II) efficiency increased by 69% and non-photochemical quenching (NPQ) and the amount of thermally dissipated energy decreased markedly (by 47% and 40%, respectively). At the same time, photosynthetic rate increased approximately by 50%. From one to two days after Fe resupply, there was a gradual increase in the leaf concentrations of Chl and other photosynthetic pigments, accompanied by a further conversion of zeaxanthin into violaxanthin, increases in actual PS II efficiency and photosynthetic rates and decreases in NPQ and the amount of thermally dissipated energy. At 72-96 h after Fe resupply, leaf pigment concentrations, photosynthetic rates and actual PS II efficiency had increased further, although both photosynthetic rate and leaf pigment concentrations were still lower than those found in Fe-sufficient leaves. Good correlations were observed between the amount of light thermally dissipated by the PS II antenna, NPQ and the antheraxanthin + zeaxanthin concentration after Fe resupply, confirming the photoprotective role of the xanthophyll cycle in Fe-deficient sugar beet leaves. Similar correlations were observed for lutein, suggesting a possible role of this pigment in photoprotection.
Introduction
Iron is involved in major plant functions, including respiration, nitrate reduction and photosynthesis. In sugar beet, Fe deficiency decreases markedly photosynthetic rates (Terry 1980) . Leaves from Fe-deficient plants have a reduced number of granal and stromal lamellae per chloroplast (Spiller and Terry 1980; Platt-Aloia et al. 1983) . This is accompanied by decreases in all thylakoid membrane components, including light-harvesting chlorophylls (Chls) and carotenoids (Morales et al. 1990 (Morales et al. , 1994 Abadía and Abadía 1993) and photosynthetic electron transport carriers (Spiller and Terry 1980) . Also, Fe deficiency in sugar beet decreases RuBP carboxylation capacity, through reduced Rubisco enzyme activation (Taylor and Terry 1986; Winder and Nishio 1995) and down-regulation of Rubisco gene expression (Winder and Nishio 1995) . It has been proposed that the Fe deficiency-mediated decreases in light harvesting, electron transport and carbon fixation are well coordinated (Winder and Nishio 1995) . Because of their low photosynthetic rates, Fe-deficient plants are prone to be exposed to an excess of photosynthetic photon flux density (PPFD) under natural conditions (Abadía et al. 1999) .
Iron deficiency does not decrease to the same extent all photosynthetic pigments, carotenoids being less affected than Chls; Chl b is more affected than Chl a, whereas lutein and xanthophyll cycle carotenoids (zeaxanthin, Z; antheraxanthin, A and violaxanthin, V) are less affected than the other carotenoids (Morales et al. 1991 (Morales et al. , 1994 (Morales et al. , 2000 . Extremely Fedeficient sugar beet leaves have, compared to the controls, approximately 5% of the Chl, β-carotene and neoxanthin, 15% of the lutein and 40% of the V + A + Z pigment pool (Morales et al. 1990 ). The de-epoxidated forms Z and A account for most of the remaining V + A + Z pigment pool in Fe-deficient sugar beet leaves (Morales et al. 1990 ). The decrease of photosynthetic rates in Fe-deficient leaves is not only associated with the decrease of photosynthetic units per unit leaf area (Spiller and Terry 1980) but also with a diminished actual and intrinsic efficiency at steady-state photosynthesis of the remaining PS II units. This has been shown in sugar beet (Abadía et al. 1999; Morales et al. 2000) , pear (Abadía et al. 1999; Morales et al. 2000) and peach (Abadía et al. 1999) , and could be related to increased pHand xanthophyll-mediated thermal energy dissipation within the PS II antenna (Morales et al. , 2000 Abadía et al. 1999 ). This would contribute to the protection of the PS II reaction centers against the excess PPFD experienced by Fe-deficient plants (Abadía et al. 1999) . Similar effects have been reported in the case of N deficiency in spinach and maize leaves (Khamis et al. 1990; Verhoeven et al. 1997) .
When Fe is resupplied to Fe-deficient plants, the Fe deficiency effects recover progressively, and Chl and other components of light harvesting and photosynthetic electron transport chain are gradually synthesized de novo. This has been documented for several species, including sugar beet (Nishio et al. 1985) , soybean (Hecht-Buchholz and Ortmann 1986) and tobacco (Pushnik and Miller 1989) . Iron resupply to Fe-deficient sugar beet plants increased first leaf Fe concentration and later, after a short lag-phase, leaf Chl concentration (López-Millán et al. 2001) . Iron deficiency impacts physiological processes other than photosynthesis, and these processes also respond to Fe resupply to Fe-deficient plants. For instance, Fe-deficient plants have large concentrations of organic acids, especially citrate and malate, which decrease gradually upon Fe resupply (López-Millán et al. 2001) .
The aim of this work was to investigate the time course of the changes induced by Fe resupply to Fe-deficient sugar beet leaves on the photosynthetic apparatus pigment composition and functioning. Techniques used include pigment analysis, gas exchange and Chl fluorescence. We have also investigated the relationships between thermal energy dissipation within the PS II antenna and changes in pigments during Fe resupply.
Materials and methods

Plant material
Sugar beet (Beta vulgaris L. hybrid Monohil, Hilleshög, Landskröna, Sweden) plants were grown in a growth chamber. Seeds were germinated and grown in vermiculite for two weeks. Seedlings were grown for two more weeks in half-strength Hoagland nutrient solution with 45 µM Fe and then transplanted to 20 l buckets (four plants per bucket) containing halfstrength Hoagland nutrient solution with 0 or 45 µM Fe. Iron was added as NaFe(III)-EDTA (Sigma, St. Louis, Missouri). In buckets with no Fe added the pH of the nutrient solution was raised with 1 mM NaOH and 1 g l −1 of solid CaCO 3 to simulate conditions usually found in the field that lead to Fe deficiency; this treatment led to a constant pH of 7.7 throughout the 10-12 day growth period (Susín et al. 1994) . Plants were grown with a PPFD of 350 µmol m −2 s −1 PAR (between 130 and 180 µmol m −2 s −1 placing the sensor at the growth angle of the leaves that were later used for measurements), a temperature of 22 • C, 80% relative humidity and a photoperiod of 16 h light/8 h dark. In Fe-resupply experiments, plants grown for 10 days in absence of Fe were transferred to 20 l plastic buckets containing half-strength Hoagland nutrient solution, pH 5.5, with 45 µM NaFe(III)-EDTA and no CaCO 3 .
Gas exchange measurements
Measurements were made on attached, recently fully expanded leaves in the growth chamber with a portable gas exchange system (CIRAS-1, PP Systems, UK), using a PLC broad leaf cuvette in closed circuit mode. Measurements were made in Fe-deficient leaves before adding Fe to the nutrient solution (time 0 after Fe resupply) and at 24, 48, 72 and 96 h after resupply. Gas exchange measurements were also made in Fesufficient and Fe-deficient leaves from time 0 to 96 h. Transpiration rate (E), stomatal conductance (g S ), net photosynthetic rate (A) and CO 2 internal concentration (C i ) were recorded during the measurements. The instantaneous transpiration efficiency (A/E) was also calculated. Experiments were made at ambient CO 2 concentration (C a =350 ppm), at the PPFD inciding on the leaf surface (130-180 µmol m −2 s −1 PAR) and at the temperature and relative humidity prevailing in the growth chamber. These experiments were carried out with four different batches of plants. Before starting the measurements, 64 leaves were marked with laboratory tape. After Fe resupply, measurements were made every 24 h in each marked leaf. Developed and young leaves were used. The total number of replications decreased from 64 at 0 h to 22 at 96 h, due to damage caused in some leaves by the leaf clip used to measure photosynthesis. Once a leaf was slightly damaged it was no longer used in the experiment.
Modulated chl fluorescence analyses
Modulated Chl fluorescence measurements were made in attached leaves in the growth chamber with a PAM 2000 portable fluorometer (H. Walz, Effeltrich, Germany). Measurements were made in Fe-sufficient and Fe-deficient leaves from 0 to 96 h after resupply. F O was measured by switching on the modulated light at 0.6 kHz; PPFD was less than 0.1 µmol m −2 s −1 at the leaf surface. F M was measured at 20 kHz with a 1 s pulse of 6000 µmol photons m −2 s −1 of white light. The experimental protocol for the analysis of the Chl fluorescence quenching was essentially as described by Genty et al. (1989) with some modifications. These involved the measurements of F O and F O , which were measured in presence of far-red light (7 µmol photons m −2 s −1 ) in order to fully oxidize the PS II acceptor side (Belkhodja et al. 1998 ). The dark-adapted, maximum potential PSII efficiency was calculated as F V /F M (Morales et al. 1991) . The actual ( PS II ) and the intrinsic PS II efficiency ( exc. ) were calculated as (F M − F S )/F M and F V /F M , respectively Harbinson et al. 1989) . Photochemical quenching (qP) was calculated as (F M − F S )/F V according to van Kooten and Snel (1990) . Non-photochemical quenching (NPQ) was calculated as (F M /F M ) − 1, according to Bilger and Björkman (1990) . The fraction of light absorbed by PS II that is dissipated in the antenna (D, identical to 1 − exc. ) was estimated as in Demmig-Adams et al. (1996) . These experiments were carried out with four different batches of plants. Before starting the measurements, 47 leaves were labeled with laboratory tape. Once resupply was implemented, measurements were taken 24, 48, 72 and 96 h in every leaf marked. Only developed leaves were used in these experiments. The total number of replications decreased from 47 at 0 h to 7 at 96 h, due to damage caused in some leaves by the leaf clip used during the measurements. Once a leaf was slightly damaged it was no longer used in the experiment.
Photosynthetic pigment measurements
Leaf chlorosis was monitored non-destructively in attached leaves with a SPAD-502 device (Minolta, Osaka, Japan). This apparatus uses two light-emitting diodes (at 650 and 940 nm) and a photodiode detector to measure sequentially the transmission through the leaf of red and infrared light. Calibration was carried out by extracting with acetone leaf disks from the same area assessed by the SPAD and measuring pigments as described below.
Leaf disks were cut with a calibrated cork borer, wrapped in aluminum foil, frozen in liquid-N 2 , and stored (still wrapped in foil) at −20 • C. Leaf pigments were later extracted with acetone in the presence of Na ascorbate and stored as described previously (Abadía and Abadía 1993) . Pigment extracts were thawed on ice, filtered through a 0.45 µm filter and analyzed by an isocratic HPLC method based on that developed by de las Rivas et al. (1989) . Instead of three, two steps were used: mobile phase A (acetonitrile:methanol, 7:1 v:v) was pumped for 3.5 min, and then mobile phase B (acetonitrile:methanol:water:ethyl acetate, 7:0.96:0.04:8 by volume) was pumped for 4.5 min. To both solvents 0.7% (v:v) of the modifier triethylamine (TEA) was added (Hill and Kind 1993) to improve pigment stability during separation. All chemicals used were HPLC quality. The column was equilibrated before injecting each sample by flushing with mobile phase A for 5 min. The analysis time for each sample was 13 min, including equilibration time. This experiment was carried out with one batch of plants. Before starting the measurements, leaves in the Chl concentration ranges 21-27, 27-43 and 43-67 µmol Chl m −2 (approximately 10 leaves for each Chl range) were marked with laboratory tape. Leaves were sampled at 0, 24, 48, 72 and 96 h after Fe resupply (nine samples taken from each group of leaves, every sample composed of three disks, each one from a different plant). During the same period we also took samples in the same manner from Fe-deficient leaves.
Statistical analyses
Statistical analyses were carried out with the SPSS Base 8.0 software (Chicago, Illinois). One factor ANOVA was run to assess the significance of changes observed with time. Also, linear and logarithmic fits between pigment and Chl fluorescence changes were carried out.
Results
Effects of iron resupply on chl concentrations and net photosynthesis
Total Chl concentrations per area increased markedly after Fe resupply to Fe-deficient plants ( Figure 1A ).
This increase was only clearly seen 48 h after Fe resupply, with total Chl concentrations increasing by 12, 46, 153 and 181% at 24, 48, 72 and 96 h, respectively. It should be noted, however, that total Chl concentrations at 96 h were still 52% lower than those of Fe-sufficient leaves. Photosynthetic rates increased progressively after Fe resupply up to 72-96 h ( Figure 1B ). Increases were 50, 90 and 230% at 24, 48 and 72-96 h after Fe resupply, respectively. The photosynthetic rates of Fe-sufficient and Fe-deficient leaves remained fairly constant during this period; photosynthetic rate values were in the ranges 4.2-4.4 and 0.7-1.0 µmol CO 2 m −2 s −1 , respectively, in Fesufficient and Fe-deficient leaves ( Figure 1B ). The photosynthetic rates found in Fe-resupplied leaves after 96 h were still 29% lower than those of Fesufficient leaves. Photosynthetic rates found were quite low, due to the PPFD at which the measurements were made (approximately 150-180 µmol m −2 s −1 PAR, the PPFD measured placing the light sensor at the angle leaves are growing). Control sugar beet leaves growing in these conditions have light saturated rates (measured in the absence of photorespiration) of approximately 17-18 µmol O 2 m −2 s −1 .
Effects of iron resupply on other gas exchange parameters
Transpiration rates increased after 24 h of Fe resupply to values close to those obtained with Fe-sufficient leaves at the same sampling date (Figure 2A ). Transpiration rates in Fe-resupplied plants were generally between those obtained in Fe-deficient and Fe-sufficient leaves, which were in the ranges 1.8-2.0 and 2.2-2.8 mmol m −2 s −1 , respectively (Figure 2A ). The instantaneous transpiration efficiency (A/E), calculated as the photosynthesis/transpiration ratio ( Figure 2B ), followed after Fe resupply a trend similar to that of the photosynthetic rate. The A/E ratios of Fe-sufficient and Fe-deficient leaves decreased somewhat with time ( Figure 2B ). At 96 h after Fe resupply, A/E ratios were similar to those of Fesufficient leaves ( Figure 2B ). Stomatal conductance (g S ) increased up to 48 h after Fe resupply ( Figure 2C ). Values of Fe-resupplied plants were always between those of Fe-sufficient and Fe-deficient leaves for any given sampling date ( Figure 2C ). The g S values of Fe-sufficient and Fe-deficient leaves increased slightly with time ( Figure 2C ). Internal CO 2 concentrations (C i ) did not show marked changes after Fe resupply ( Figure 2D ). C i was very similar in leaves of Fe-deficient and Fe-resupplied plants, whereas Fesufficient leaves showed slightly lower C i values ( Figure 2D ).
Effects of iron resupply on photosynthetic pigment composition
All pigments per area, excepting Z (not shown, see discussion below), increased after Fe resupply to Fe-deficient plants (Figure 3) . Changes with time after Fe resupply were very similar for neoxanthin ( Figure 3A) , β-carotene ( Figure 3D ), Chl a ( Figure 3E ) and Chl b ( Figure 3F) , with concentration increases after 96 h of Fe resupply ranging between 160% and 220%, when compared to values found at time 0. Lutein responded to Fe resupply less markedly ( Figure 3B ), since its concentration increased after 96 h of resupply by only 60%. The pool of V + A + Z pigments had increased by 72% after 96 h of Fe resupply ( Figure 3C) , mostly due to a 262% increase in V. In leaves from Fe-deficient plants Iron resupply to Fe-deficient plants caused marked changes within the V + A + Z cycle. The epoxidated form V ( Figure 5B ) was progressively formed at the expense of the de-epoxidated form Z, reaching approximately 81% of the total V + A + Z cycle after 96 h, a value close to that found in Fesufficient controls (89%). At the same time, the (Z + A)/(V + A + Z) ratios decreased progressively after Fe resupply to Fe-deficient plants, down to values of 19% after 96 h ( Figure 5C ). In both cases, 50% of the change occurred within the first 24 h after Fe resupply. The proportion of A within the cycle was approximately 17-24% and did not change significantly with Fe resupply. No marked changes within the V + A + Z cycle were observed in Fe-deficient plants not resupplied with Fe ( Figures 5B and C) . Figure 6C ). Photochemical quenching (qP) also increased in response to Fe resupply ( Figure 6D ). The qP values were approximately 0.73-0.75 in Fe-deficient leaves (Figure 6D) , and increased up to 0.82 and 0.87-0.88 at 24 and 48-96 h, respectively. NPQ decreased gradually after Fe resupply to Fe-deficient plants ( Figure 6E ). Values decreased by 32, 52, 47 and 67% at 24, 48, 72 and 96 h after Fe resupply.
Effects of iron resupply on chl fluorescence parameters
Relationships between quenching parameters and xanthophylls
We investigated the correlation between the fraction of light absorbed by PS II that is thermally dissipated in the antenna, D (1 − exc. ), and NPQ versus the molar ratios (Z + A)/Chl, lutein/Chl and (Z + A)/(V + A + Z). Decreases in D after Fe resupply to Fe-deficient plants were linearly correlated with decreases in the (Z + A)/(V + A + Z) (r = 0.988 * * ; Figure 7A ), (Z + A)/Chl (r = 0.975 * * ; Figure 7B ) and lutein/Chl (r = 0.997 * * ; Figure 7C ) molar ratios. These changes in pigment ratios in response to Fe resupply were also accompanied by decreases in NPQ. Significant logarithmic correlations were obtained between NPQ values and the (Z + A)/(V + A + Z) (r = 0.961 * * ; Figure 7D ), (Z + A)/Chl (r = 0.984 * * ; Figure 7E ) and lutein/Chl (r = 0.932 * ; Figure 7F ) molar ratios.
Discussion
Iron deficiency has been previously shown to cause deleterious effects on many photosynthetic parameters, including: (i) decreases in leaf photosynthetic pigment concentrations; (ii) decreases in photosynthetic rates; (iii) decreases in photosynthetic efficiency and electron transport through PS II at steady-state photosynthesis estimated by Chl fluorescence, together with increases in thermal energy dissipation within the PS II antenna, and (iv) a high relative proportion of the de-epoxidated forms A and Z in the V + A + Z pigment pool (Morales et al. 1990 (Morales et al. , 2000 Abadía et al. 1999) . Iron resupply to Fe-deficient sugar beet caused a reversal of all these parameters, resulting in leaf re-greening, increases in leaf photosynthetic rates and changes both in Chl fluorescence characteristics and in the epoxidation state of the V + A + Z cycle pigments. The kinetics of reversal, however, was not the same for all parameters measured.
Only one day after Fe resupply, major changes had occurred in sugar beet leaves, although de novo Chl synthesis had not begun yet. The leaf concentrations per area of Chl and other photosynthetic pigments (neoxanthin, lutein, V + A + Z pigments pool and β-carotene) were still practically unaffected at this resupply time. By then, however, photosynthetic rates had already increased significantly (by 50%), and a significant increase in transpiration rate and stomatal conductance was found. Furthermore, at 24 h after Fe resupply the dark-adapted, maximum potential PS II efficiency (F V /F M ) and the actual PS II efficiency at steady-state photosynthesis ( PS II ) had increased significantly. This increase in PS II one day after Fe resupply was associated to major increases in intrinsic PS II efficiency ( exc. ) and to smaller but still significant decreases in the proportion of closed PS II centers, as indicated by the qP increase. At the same time, NPQ and the amount of energy thermally dissipated, calculated as 1− exc. , had also decreased significantly. These changes were accompanied by a significant change within the xanthophyll cycle, since approximately 50% of the Z was converted into V, although the total V + A + Z pool per area and the (V + A + Z)/Chl ratio showed no changes at this resupply time. Both the existence of a lag phase in Chl synthesis and the increase in photosynthesis after Fe resupply to Fe-deficient sugar beet leaves were reported previously (Nishio and Terry 1983; Nishio et al. 1985) .
The factors responsible for the conversion of Z into V at short resupply times probably involve pH as well as O 2 and NADPH concentration changes in the thylakoid stroma in the chloroplast. At 24 h of Fe resupply to Fe-deficient plants, Fe concentrations increased markedly in the xylem sap and in the leaf apoplastic fluid (Larbi et al., submitted), as well as in the whole leaf lamina (Young and Terry 1982; López-Millán et al. 2001 ) and in the chloroplasts themselves (Young and Terry 1982; Platt-Aloia et al. 1983) . It seems therefore that Fe is in some way involved in the changes found in the violaxanthin cycle.
After 3-4 days of Fe resupply, major de novo synthesis of all photosynthetic pigments had occurred. It should be pointed out, however, that Chl a, Chl b, lutein, β-carotene, V and neoxanthin concentrations per area at 96 h were still approximately 50% of those found in control, Fe-sufficient sugar beet leaves (Morales et al. 1990 ). Nishio et al. (1985) have previously found that leaf Chl increased to approximately 75% of the control after 96 h of Fe resupply to Fedeficient plants; differences in re-greening rates are possibly due to the different growth conditions used in both studies. After 96 h of resupply, photosynthetic rates had reached approximately 75% of values found in Fe-sufficient leaves. This increase was accompanied by further increases in PS II , mainly associated to increases in exc. , since qP did not change after 24 h of Fe resupply. NPQ also decreased, with minimal values being obtained at 96 h after Fe resupply.
Our data indicate that photosynthetic electron transport recovered slightly faster than CO 2 fixation. We have calculated ETR/A relationships of approximately 9, 11 and 12 for control, Fe-deficient and Fe-deficient leaves resupplied with Fe for 96 h, respectively. These data suggest that some type of electron-consuming process present in Fe-deficient leaves is not recovered after 96 h of Fe resupply or would recover much more slowly than CO 2 fixation. More research is needed to differentiate between respiration, photorespiration, chlororespiration, Mehler reaction, PS II cyclic electron transport or any other electron-consuming process.
An important mechanism to avoid the deleterious effects of excess PPFD is thermal dissipation within the PS II antenna (Abadía et al. 1999 ). This dissipation process involves the de-epoxidized xanthophylls Z and A (Demmig-Adams 1990; Gilmore and Yamamoto 1993) . In this work, Fe-deficient and Fe-sufficient leaves dissipated thermally (estimated by the D parameter) 66% and 29% of the absorbed light. When Fe was resupplied to Fe-deficient sugar beet plants, D decreased progressively, to reach after 96 h values similar to the controls. These changes were associated with marked decreases in the concentrations of A + Z, from 61% of the total V + A + Z pool before Fe resupply down to 19% after 96 h of Fe resupply. Consequently, a close and linear relationship was obtained between D and the ratio (Z + A)/(V + A + Z). Also, the ratio (Z + A)/(V + A + Z) was strongly correlated with NPQ, although in this case the relationship could be better described as logarithmic. Similar data were also found in spinach and maize with different N supplies (Khamis et al. 1990; Verhoeven et al. 1997) .
Lutein is a pigment that is considered to play a structural role within the pigment-protein complexes. Recently, the lutein/lutein 5,6-epoxide cycle has been proposed to play a photoprotective role in certain species, which may confer a second role for lutein in addition to its structural function (Formaggio et al. 2001; Polivka et al. 2002) . However, we could not find significant amounts of lutein 5,6-epoxide in any of our samples, although the HPLC method used is capable to resolve it from other pigments. In our case the molar ratio lutein/Chl decreased 24 h after Fe resupply. Also, D and NPQ values were well correlated with the lutein/Chl molar ratios, although deviations from linearity were observed for the lowest lutein to Chl molar ratios. Our data do not support the existence of a lutein/lutein 5,6-epoxide cycle under Fe deficiency.
In summary, Fe-deficient sugar beet leaves resupplied with Fe showed, within the first 24 h, significant changes in many photosynthetic parameters, although de novo Chl synthesis had not begun yet. This indicates that the sudden increase in Fe concentrations in many plant compartments brought about by Fe resupply is capable to induce major changes in leaf physiology and biochemistry. In particular, Z is largely converted into V, leading to short-term decreases in thermal energy dissipation in the PS II and increases in photosynthetic electron transport and photosynthetic rates. The mechanisms of these changes deserve further investigation.
